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a b s t r a c t
Early life nutrition plays an important role in brain development. Emerging research in rodents, piglets
and humans suggest that prebiotics, milk fat globule membrane and lactoferrin may each play unique
roles in brain development and cognitive functions. However, knowledge of their combined impact is
lacking. We show here that providing weanling rats with a diet containing milk fat globule membrane,vailable online 4 September 2016
eywords:
ilk fat globule membrane
actoferrin
pine density’
lactoferrin and a polydextrose/galactooligosaccharide prebiotic blend led to a signiﬁcant increase in total
dendritic spine density in hippocampal dentate gyrus neurons. Region-speciﬁc alterations in dendritic
spine density and morphology could provide a mechanistic basis underlying broader cognitive beneﬁts,
but further research is required to demonstrate functional consequences of these observations.
© 2016 The Authors. Published by Elsevier Ltd. on behalf of ISDN. This is an open access article under
rain development
. Introduction
Optimal nutrition early in life is exceptionally important when
apid brain development occurs. In human infants, breast milk is
ecognized as the optimal form of nutrition due to its many roles
n supporting infant growth and development. Some human milk
ioactives thought to exert beneﬁcial effects on developing brain
uch as docosahexaenoic acid (DHA), milk fat globule membrane
MFGM), and lactoferrin have been individually studied (Clandinin
t al., 2005;Diersen-SchadeandBoettcher, 2005;Timbyetal., 2014;
hen et al., 2014), but knowledge of their combined impact is lack-
ng. Aside from milk bioactives, prebiotics have been reported to
elp maintain normal microbial communities in infants (Scalabrin
t al., 2012) and modulate central nervous system molecular
ignalling pathways and behavioral responses to stress in rodent
odels (Savignac et al., 2016; Savignac et al., 2013). While a reduc-ionist approach would isolate each of these to study their speciﬁc
ffects, we have chosen a more translational approach in this
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animal model to evaluate their combined effects as would be
expected within the diet of a developing infant.
Althoughnutrition can inﬂuencemanyaspects of braindevelop-
ment, recent reports suggest differential vulnerability acrossneural
pathways. In the absence of normal gut microbiota, germ free mice
showed altered brain development and behavior compared with
conventional mice (Heijtz et al., 2011). The effects were associ-
atedwith dysregulation of growth factor gene expression narrowly
expressed across neuroanatomical regions, but highlighted by
changes in prefrontal cortex and dorsal hippocampus. Following
on this, we targeted these regions in the current study where we
investigated dendritic spine density and morphology, key synaptic
plasticity-related indicators which respond to treatments for psy-
chiatric and affective disorders (Li et al., 2010; Kitahara et al., 2016).
The observation that nutrition can increase the density of dendritic
spines, membranous protrusions extending from dendrites, was
ﬁrst reported by Sakamoto et al. (2007) using a combination of
DHA and uridine. Importantly, here we investigated mechanisms
of action for a mixture of MFGM, lactoferrin, and prebiotics beyond
what is provided by DHA since DHA was included in both control
and test diets.
pen access article under the CC BY license (http://creativecommons.org/
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. Materials and methods
.1. Animals
Weanling male Long Evans rats (Harlan Lab., Indianapolis, IN)
erehoused ingroupsof three inaclimate-controlledenvironment
nd maintained on a 12-h light/dark cycles. Each rat was ran-
omly assigned across control and experimental groups to assure
quivalent bodyweight distribution between groups. For the entire
tudy, 15 rats were assigned per diet with ﬁve rats per treatment
roup utilized for spine density analysis. Control (CONT) animals
eceived a modiﬁed AIN-93 diet containing DHA/ARA (0.7 g/kg and
.4 g/kg body weight, respectively). The experimental (TEST) group
eceived a similar AIN-93 based diet contining polydextrose (PDX,
.05 g/kg, Danisco, Terre Haute, IN, USA), galatooligosaccharide
GOS, 6.05 g/kg, FrieslandCampina, Zwolle, Netherlands), lacto-
errin (1.8 g/kg, Tatua Cooperative Dairy Company, Morrinsville,
ew Zealand), and milk fat globule membrane (Lacprodan MFGM-
0®, 15.1 g/kg, Arla Food Ingredients, Aarhus, Denmark) that was
djusted to ensure it delivered equivalent calories, protein, car-
ohydrates, lipids and micronutrients. This ensured that the only
ifferences between the diets were from the bioactive components
hemselves. Diets and water were provided ad libitum starting
t weaning (postnatal day 21) for 40days until study completion
hen the rats were approximately 9 weeks old (61days old). Body
eight and food consumption were measured three times a week
or the duration of feeding. All experimental animal procedures
ereperformedaccording to regulationsof theAnimalWelfareAct,
rinciples of the Public Health Service Policy on Humane Care and
se of Laboratory Animals (PHS Policy), and in accordance with the
nstitutional Animal Care and Use Committee approved protocols.
.2. Brain collections, ballistic dye labeling, and microscopy
Rats were deeply anesthetized while perfusion ﬂuid and 0.1M
BS was administered at a rate of 25ml/min. This was followed by
he perfusion of 4% paraformaldehyde/PBS solution for ﬁxation for
0min at the same rate. Upon completion of the perfusion proce-
ure, the brains were removed, post-ﬁxed in 4% paraformaldehyde
or 30min and then placed in 0.1M PBS. The brains were sectioned
sing a tissue vibratome (Leica VT1000) to collect sections (300m
hick) fromtheanterior toposterior extremesof eachbrain. Ballistic
ye labeling (DiI) was performed according to protocols devel-
ped by Afraxis Inc. to label target neurons (Ota et al., 2014).
ections were slide mounted and cover slipped. Laser-scanning
onfocalmicroscopy (OlympusFV1000)wasperformedusinga63×
bjective (1.42 NA) to scan individually labeled neurons at high
esolution (0.103×0.103×0.33m voxels). Target neurons were
dentiﬁed in the brain region of interest by anatomical location
nd cell morphology. Microscopy was performed blind to exper-
mental conditions. A minimum of 5 cells per animal were sampled
both left and right hemispheres included) from each of the two
arget brain regions: the medial prefrontal cortex (mPFC) and dor-
al hippocampus. For multiple dendritic targets identiﬁed from
he same neurons, independent micrographs (>50m dendritic
ength) (1 x/cell) were collected for each sample.
.3. Assessment of dendritic spine morphology
Blind deconvolution (AutoQuant) was applied to raw three-
imensional digital images. Dendritic spine morphology was
nalyzed from 2 sample positions on primary apical dendrites of
ayer 5 pyramidal neurons (200 and 300m from the soma) in
PFC. A third mPFC sample position was collected from proximal
ufts on the same neurons. Additionally, two positions from den-
ate granule neurons in dorsal hippocampus (DG) were selected:euroscience 55 (2016) 28–33 29
(1) primary dendrites within the inner molecular layer (IML), and
(2) secondary dendrites from the middle molecular layer (MML).
Analysis for spine density and morphology was performed on
deconvolved Z-series micrographs by trained analysts as described
(Burgdorf et al., 2015; Ota et al., 2014). Brieﬂy, individual spines
were measured manually for (a) head diameter, (b) length, and
(c) neck diameter from image Z-stacks using custom-built Afraxis
ESP software. Each dendrite was analyzed by 2–3 independent
analysts. The mean spine-by-spine accuracy, calculated as the
percent of co-detected spines versus total spines detected by a
given analyst, was 80.48%. Automated image assignment software
(C++, Java) distributed images to analysts in a randomized man-
ner and ensured that each analyst performed measurements of
near equal numbers of dendrites per group. Analysts were blinded
to all experimental conditions (including treatment, brain region,
and cell type). Spine classiﬁcation was performed by custom-built
software (Matlab) and followed an established evaluation work-
ﬂow (Rodriguez et al., 2008): head-to-neck ratio criterion=1.1 and
HD criterion=0.37m. Detached spine heads from dendritic shaft
were excluded; these are nearly non-existent when labeling neu-
rons with a membrane dye. Statistical analysis of inter-analyst
variability for each dendrite was examined on-line and used to
eliminate dendrites that did notmeet inter-analyst reliability crite-
ria: A dendrite was incorporated into the ﬁnal analysis only if
measurement distributions for all three measures failed to be sig-
niﬁcantly different between analysts.
2.4. Statistical analysis
For spine density and spine morphological classiﬁcation, data
across analysts were averaged to report data for each den-
drite. Data population values (N’s) were reported for dendrites
collected equally from all rats. Values are reported as group
means± standard errors of the mean (SEMs). For all group compar-
isons of parametric values, statistical signiﬁcance was determined
using the multivariate analysis of variance test (MANOVA; IBM
SPSS Statistics v. 24). For both brain regions, homogeneity of
variance-covariances matrices was observed (Box’s test of equal-
ity of covariance matrices; p =0.003). Post-hoc comparisons were
assessed using the one-way MANOVA.
3. Results and discussion
It is well understood that neuroanatomical development does
not progress uniformly across all regions and pathways and that
differential maturation contributes to differential development of
cognitive capacities (Kolb et al., 2012). Therefore, we selected
two brain regions for investigation: the medial prefrontal cor-
tex (mPFC), which mediates a broad set of executive functions,
and dorsal hippocampus, which is critical for memory formation
and has demonstrated responses to a variety of early life inter-
ventions (Grigoryan and Degal, 2016). Furthermore the speciﬁc
sample positions chosen from mPFC and DG were selected based
on well-understood discriminate connectivity between these lam-
inae (Llorens-Martín et al., 2014). Representative laser-scanning
confocal micrographs from both brain areas are shown in Fig. 1A.
Raw measures of spine morphological features (head diameter,
spine length, andneck diameter)were used to classify each spine as
thin, mushroom, or stubby (Hara et al., 2012). This classiﬁcation set
has been used to characterize dendritic spines across the lifespan
and associated with a variety of cognitive states Bourne and Harris
(2007). Densities of these subclasses, as well as total spine density,
were assessed for all sample positions described above. In hip-
pocampus, a signiﬁcant interactionof diet and sampleposition (IML
vs. MML) was detected, F(4, 93) =3.078, p =0.02; Wilks’ =0.883;
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Fig. 1. Representative laser scanning confocal micrographs (maximum projections shown) of dendritic segments and dendritic spines in neurons from rats administered
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eEST or CONT diets. Micrographs from medial prefrontal cortex (mPFC) show prim
orsal hippocampus show samples from inner molecular layer (left, IML) and midd
pine morphological types, including thin (arrow) and mushroom spines (arrowhea
artial 2 =0.117, accompanied main effects of sample position
2 positions), F(4, 93) =11.816, p <0.01, and diet, F(4, 93) =3.171,
= 0.017 (n=25 samples/position/diet condition). Robust differ-
nces were observed between diet groups in the MML: TEST
roup showed signiﬁcantly greater spine density in thin spines
4.47±0.31 vs. 7.83±0.39 spines per 10m dendrites for CON vs.
EST; p<0.01 one-way MANOVA; Fig. 2A) and mushroom spines
p=0.012), but not stubby spines (p =0.67). These effects were
obust enough to drive a signiﬁcant increase in total spine den-
ity (8.22±0.67 vs. 12.48±0.96; p<0.01). This effect was localized
ithin the dentate molecular layer as no signiﬁcant effects were
etected in the IML (15.90±1.10 vs. 17.37±0.96 for total spine
ensity; p =0.32 one-way MANOVA; Fig. 2B). In mPFC, simple main
ffects were observed for sample position (3 positions tested), F(8,
82) =4.736; p<0.01, and diet, F(4, 141) =2.745; p=0.031 (n=25
amples/position/diet condition). Total spine density did not dif-
er across diets (p =0.72, 2-way MANOVA; Fig. 3), but subclass
able 1
endritic spines measurement raw value medians (group mean± SEM; see Methods for d
EST conditions. For medial prefrontal cortex (mPFC), sample positions were derived from
#2) 1◦ apical dendrite, 300m from soma, and (#3) proximal tufts. For dorsal hippoca
ithin inner molecular layer, and (#2) 2◦ apical dendrite within middle molecular layer.
84) =3.463, p =0.003; Wilks’ =0.868; partial 2 = 0.068. Bolded values indicate signiﬁc
ffect or interaction was observed for dorsal hippocampus, F(3, 94) =1.151, p =0.33; Wilk
Sample position #1 Sam
CON TEST CON
spine length (m) 0.79±0.02 0.94±0.04 0.80
head diameter (m) 0.47±0.01 0.53±0.02 0.51
spine length (m) 0.51±0.02 0.47±0.02 0.47
head diameter (m) 0.48±0.01 0.48±0.01 0.47ical (left, Apical; 200m from soma) and tuft (right) dendrites. Micrographs from
lecular layer (right, MML). High magniﬁcation insets show the presence of various
evaluations revealed a selective effect on thin spines (p =0.025,
2-way MANOVA). Post-hoc tests revealed a selective effect in pri-
mary apical samples at 300m from the soma, in which there was
a signiﬁcant decrease in the thin spine classes of rats fed TEST
diet compared to CONT diet (11.01±0.99 vs. 8.37±0.55; p=0.024,
one-way MANOVA; Fig. 3B). All other subclass comparisons within
mPFC failed to exhibit signiﬁcant diet-related differences (Fig. 3A,
C). In addition to measuring spine densities, each identiﬁed spine
was measured for spine length, spine head diameter, and neck
width. Raw spine measures were assessed by comparing sam-
ple median values (Table 1). Dendritic spine lengths and head
diameters were selectively elevated in mPFC neurons at the most
proximal position tested. No differences were observed for hip-
pocampal neurons.A nutritional combination of DHA/ARA with prebiotic, lactofer-
rin, and MFGM altered rat dendritic spine proﬁles compared to
the group fed control diet containing DHA/ARA alone. The salient
etails). Raw spine length and head diameter median values are shown for CON vs.
layer 5 pyramidal neurons as follows: (#1) 1◦ apical dendrite, 200m from soma,
mpus, dentate granule neurons were sampled as follows: (#1) 1◦ apical dendrite
A signiﬁcant interaction of group vs. sample position was observed for mPFC, F(6,
ant difference from CON group (p=0.013, 1-way MANOVA post-hoc test). No main
s’ =0.965; partial 2 = 0.035.
ple position #2 Sample position #3
TEST CON TEST
±0.02 0.84±0.03 0.83±0.03 0.78±0.03
±0.01 0.49±0.01 0.48±0.01 0.49±0.01
±0.02 0.49±0.02
±0.01 0.47±0.01
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Fig. 2. Dendritic spine density for analysis conducted on distinct anatomical path-
ways within the dentate gyrus molecular layer. A) Secondary dendrites sampled
from the middle molecular layer (MML). B) Primary dendrites sampled from the
innermolecular layer (IML). Spinemorphological subtypes: thin (T),mushroom (M),
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Fig. 3. Dendritic spine density on three dendritic sample positions from Layer 5
pyramidal neurons of the mPFC. A) Primary apical dendrite at 200m from soma.tubby (S). Mean± SEM;+, p <0.05 vs. CON; ++, p <0.01 vs. CON, one-way MANOVA
or subtypes, one-way ANOVA for Total.
odiﬁcation by diet was a selective increase in total spine den-
ity within the hippocampus. The total density difference was
riven largely by thin and mushroom spine types. The former
lass, informally referred to as “learning spines” and associated
ith memory acquisition (Bourne and Harris, 2007), expresses
ramatic losses during aging and are implicated in senescence.
osses of large-diameter and mushroom-type spines, in contrast,
re more closely related to impairments of long-term memory
torage and neurodegeneration, especially in hippocampus (Hara
t al., 2012), as observed in Alzheimer’s Disease rodent models
Penazzi et al., 2016). Evidence for the inverse exists as well: ele-
ations of both long-thin and mushroom spines correlate with
ultiple forms of cognitive enhancement (Kitahara et al., 2016;
auterborn et al., 2016). This effect was observed within the MML
f the dentate gyrus, which along with the outer molecular layer,
eceives perforant pathway inputs from the entorhinal cortex.
fferent projections to the MML largely derive from the medial
ntorhinal cortex and are known to mediate spatial navigation
nd information coherence among others (Cauter et al., 2013).
he IML, in contrast, predominantly receives inputs via the com-
issural/associational ﬁber system from the contralateral mossy
ells. The differential impact of diet on dendritic spines between
ippocampal lamina supports the notion that nutritional supple-
entation facilitates neuronal maturation heterogeneously across
euroanatomical pathways. This differential effect following pro-
onged treatment likely results either from direct modiﬁcation
f the target circuits, including modiﬁcations to gene expression,
ynaptic targeting, and more (Routtenberg et al., 2000) or alterna-
ively, the nutritional regimen may induce changes to the regions
ested here through alteration of distant brain regions through
odiﬁed afferent activity (Steward et al., 2007).
In contrast to effects in the hippocampus, relatively little impact
y diet was observed in layer 5 pyramidal neurons of the medial
refrontal cortex, a dendritic arborizationwith demonstrated rapidB) Primary apical dendrite at 300m from soma. C) Proximal tufts. Mean± SEM; +,
p <0.05 vs. CON, one-way MANOVA.
and long-term spine responses to neuropsychiatric therapeutics
(Ampuero et al., 2010; Ota et al., 2014). Here we observed a spine
subtype effect, although not to the more mature classes of spines
nor to total spine density. The mPFC also expressed the only signif-
icant change to raw structural features: an increase in both head
diameter and spine length. Together, these effects do not indicate
complimentary modiﬁcations that would provide clear interpreta-
tion of the results for mPFC. It is unclear at this time why mPFC
neurons failed to express robust responses to diet similar to DG;
this may be related to intrinsic differences in spine maturation
over development (Kolb et al., 2012), differences in responses to
activity (Zhang et al., 2011), or other factors. In total, the ﬁndings
here warrant further study with prolonged or varied feeding of the
nutritional ingredients.
Formation of dendritic spines requires a signiﬁcant expan-
sion of cell membrane area (Bryan et al., 2004). DHA has been
shown to support increased spine formation by promoting the syn-
thesis of membrane phospholipids such as phosphatidylcholine
(PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), and
phosphatidylinositol (PI) (Sakamoto et al., 2007). The quantity of
the synthesized membrane from these phosphatides signiﬁcantly
increased per brain cell and in whole brain (Wurtman et al., 2006).
Since these membrane phosphatides are among the major con-
stituentsofpolar lipids found inMFGM(LopezandMénard, 2011), it
is possible that the presence of membrane components in the diet
contributed to the markedly increased dendritic spine formation
observed here. In addition, dietary lactoferrin was recently shown
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o signiﬁcantly alter the level of molecules that critically mediate
ctivity-related synaptic structural modiﬁcations, including brain
erived neurotrophic factor (BDNF) and poly-sialic acid neural cell
dhesion molecule (PSA-NCAM) in neonatal piglets (Chen et al.,
014). Although not evaluated in the current study, it is possible
hat lactoferrin could also contribute to changes in dendritic spines
hrough these mechanisms.
While a speciﬁc combination of nutrient has been reported
o increase spine density and promote synaptogenesis (Wurtman
t al., 2009), undernutrition showed a reversed effect on spine den-
ityandpostsynapticpotentials (Zhangetal., 2013)highlighting the
mportance of optimal nutrition in supporting brain development.
lthough it is not possible to determine the individual contribu-
ion of all components of the diet to the increased spine density,
ther very recent studies utilizing this combination of nutrients
ave shown effects on structural brain development (Mudd et al.,
016), neurotransmitter expression and gut development (Berding
t al., 2016) in young piglets. Collectively, these results suggest
hat a combination of bioactive ingredients in early life diet can
nﬂuence structural brain development.
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